AtATM3, an ABC transporter of Arabidopsis thaliana, is a mitochondrial protein involved in the biogenesis of Fe/S clusters, and iron homeostasis in plants. Our gene expression analysis showed that AtATM3 is upregulated in roots of plants treated with Cd(II) or Pb(II), hence we investigated whether this gene is involved in heavy metal tolerance.
INTRODUCTION

AtATM3 is upregulated by Cd(II) or Pb(II)
We investigated gene expression patterns following cadmium treatment using a cDNA microarray glass slide containing genes encoding putative ABC proteins, as well as some house-keeping genes. This chip is described in detail in Bovet et al. (2003 Bovet et al. ( , 2005 .
After a 24-h treatment with 50 µM Cd(II), the AtATM3 expression was up-regulated by 2.5-fold in the roots of 3 week-old Arabidopsis seedlings, whereas the two housekeeping genes, Actin2 and Ubiquitin, were unaffected (Fig. 1) . Notably, none of these 3 genes were induced in the leaves. Identical cDNA microarray slides were also hybridized using mRNA isolated from the roots of 2 week-old Arabidopsis seedlings treated with 0.5 mM Pb(NO 3 ) 2 for 2 and 10 h. AtATM3 was also upregulated by Pb(II), with comparable levels of induction observed as for Cd(II) (data not shown). RT-PCR conducted on roots or shoots of 2 week-old Arabidopsis treated with Cd(II) and Pb(II) confirmed the microarray data (data not shown). Additional microarray data (not shown) indicated that AtATM3 mRNA expression was not modulated by short-term (2 h) exposure to 250 µM Zn(II) (heavy metal not complexing with thiol groups) or 6 h exposure to 0.8 ppm methyl-jasmonic acid (pathogen and wounding response), 100 µM menadione (oxidative stress), or 200 nM pro-and primi-sulfuron (inhibitors of acetolactate synthase, first step branched chain amino acids).
Arabidopsis plants overexpressing AtATM3 exhibit enhanced Cd(II) and Pb(II) resistance
To test whether AtATM3 can improve heavy metal resistance in planta, we generated Arabidopsis plants carrying a transgene in which expression of AtATM3 was driven by CaMV 35S promoter. higher in the transgenic plants than in wild-type controls ( Fig. 2A ). To test their Cd(II) resistance phenotype, seeds of three different T3 homozygous lines were germinated and grown on 1/2 MS agar plates, with or without 40 µM CdCl 2 or 0.5 mM Pb(NO 3 ) 2, for 2-3 weeks. In control 1/2 MS plates, the growth of wild-type and AtATM3 transgenic plants was similar (Fig. 2B, top) . However, in 1/2 MS plates containing Cd(II) or Pb(II), transgenic plants grew better than wild-type plants (Fig. 2B , middle, bottom).
Quantitative analyses confirmed that the fresh weights of AtATM3 overexpressing and wild type plants were similar in the 1/2 MS medium but, in the Cd(II)-or Pb(II)-containing medium, fresh weights of all three lines of 35S::AtATM3 plants were 1.5-to 2-fold higher than those of wild-type plants (Fig. 2C ). This indicates that AtATM3 overexpression enhances Cd(II)-and Pb(II)-resistance in Arabidopsis, and suggests that this protein may be functionally implicated in heavy metal resistance in vivo. We tested the 35S::AtATM3 plant lines for resistance to H 2 O 2 , but found no difference compared to the wild type (data not shown).
AtATM3 overexpressing transgenic Arabidopsis plants have increased Cd(II) content
We measured Cd(II) content in both wild-type and 35S::AtATM3 plants grown for 10 days on 1/2 MS medium and then treated on the root with 100 µM CdCl 2 for 24 h. In the shoot, AtATM3 overexpressing plants had consistently higher Cd content than wildtype plants (Fig. 3A) . Specifically, the average Cd(II) level in AtATM3 shoots was 53% higher than wild-type shoots (39.2 µg/g shoot fresh weight for ATM3 plants, 25.6 µg/g for wild type). When the 2-fold increase in fresh weight of AtATM3 overexpressing plants in Cd(II)-containing medium (Fig. 2B,C) Cd content in AtATM3 transgenic shoots is more than 2-fold that of wild-type plants upon exposure to Cd(II). In roots, there was no significant difference in the level of Cd observed between wild-type and AtATM3 plants (Fig. 3A) . These results suggest that AtATM3 plants transport more Cd(II) to the shoot than wild-type plants.
To test whether the mutant plants change their Cd(II) contents when treated with a much lower concentration of Cd(II), we measured Cd(II) flux in the wild-type and AtATM3 overexpressing plants using 109 CdCl 2 . The root parts of the 2-week-old intact Arabidopsis plants were soaked in 0.1 µM
109
CdCl 2 solution for 24 h and the radioactivity of the separated shoots and roots was measured by scintillation counting.
The radioactive Cd contents of the shoots and roots of AtATM3-overexpressing plants were 142 ± 13% and 107 ± 3% of those of the wild type, respectively (Fig. 3B ).
Because AtATM3 plants were resistant to both Cd(II) and Pb(II), we also measured Pb(II) content, but found no significant difference between wild-type and AtATM3 plants in either the shoot or root (data not shown). However, again when the 2-fold increase in transgenic fresh weight in Pb(II)-containing medium (Fig. 2B ) is factored in, total Pb content in AtATM3 transgenic shoots is more than 2-fold that of wild-type plants, when they are grown in the presence of Pb(II).
AtATM3-mediated Cd(II)-or Pb(II)-resistance is glutathione-dependent
Glutathione (GSH) protects plant cells from oxidative stress (Alscher, 1989; Mallick et al., 2000) , and is essential for Cd detoxification (Cobbett et al., 2002; Xiang et al., 2001; Zhu et al., 1999) . It is also a major reservoir of non-protein thiols and a precursor of phytochelatins, which are also important for heavy metal detoxification (Cobbett et al., 2000; Gong et al., 2003) . and 85% growth reduction as a consequence of Cd(II) treatment, respectively (Fig. 5C ).
The effect of Cd(II) was also investigated on seedlings grown horizontally under short day condition (8 h light per day). Under such photoperiodic conditions, wild-type and atatm3 mutant seedlings exhibited similar root and shoot growth during the first 14 days from the onset of germination (Fig. 5D ). At the same developmental stage, however, mutant seedlings showed marked inhibition of shoot and root growth compared to wild-type controls when treated with 20 or 50 µM Cd(II) (Fig. 5D ). It appears that in A. thaliana, loss of AtATM3 renders plants extremely sensitive to Cd(II).
To test whether the atatm3 mutant is also sensitive to Pb(II), seeds of the wild type and the atatm3 mutant were germinated and grown on vertically positioned 1/2 MS-agar plates, with or without 0.4 mM Pb(NO 3 ) 2 for 2 weeks. Surprisingly, the extent of growth inhibition by Pb(II) was nearly the same for the atatm3 mutant as for the wild type (Fig. 5E) ; Specifically, wild-type and mutant roots showed 35 ± 3% and 31 ± 5% growth reduction after Pb(II) treatment, respectively (Fig. 5E ). These results indicate that the atatm3 mutant is more sensitive to Cd(II), but not to Pb(II) than wild type.
Reversion of the Arabidopsis atatm3 mutant phenotype after complementation with AtATM3
To confirm the functional significance of AtATM3 in Cd(II) resistance, we used genetically complemented atatm3 mutant plants (cATM3 transgenic plants) that expressed the full-length AtATM3 under the control of the 35S promoter (Kushnir et al., 2001 ). We used these plants to see if the Cd(II) sensitivity conferred by the atatm3 mutation could be complemented by the presence of wild-type AtATM3. AtATM3 
Level of NPSH is elevated in the atatm3
Increased sensitivity of the atatm3 mutant to Cd(II) may reflect a reduced glutathione level in cytosol, since the mutant cells experience oxidative stress (Kushnir et al., 2001) .
GSH is known to protect green plant cells from oxidative stress (Alscher., 1989; Mallick et al., 2000) , and GSH and phytochelatins are essential for Cd detoxification (Cobbett et al., 2002; Xiang et al., 2001; Zhu et al., 1999 glutathione content in plant cells (Meyer et al., 2002; Noctor et al., 1998) , we quantified them in the atatm3 mutant and AtATM3 overexpressing seedlings. Surprisingly, NPSH levels were more than two-fold higher in atatm3 mutant seedlings than in the wild-type controls (Fig. 7A) . In AtATM3 overexpressing plants, NPSH levels were not different under control conditions (data not shown), but they were slightly, albeit significantly, lower than wild-type levels when plants were grown in Cd(II)-containing medium (Fig.   7B ). This indicates that AtATM3 affects intracellular NPSH level, and suggests that either lack or excess AtATM3 in the mitochondrial membrane causes abnormal compartmentalization of NPSH, thereby distorting the normal synthesis and/or intracellular distribution of NPSH.
AtATM3 plays a role in the control of GSH level
To determine whether AtATM3 plays a role in regulating intracellular GSH, we compared wild-type plants and the atatm3 mutant for their expression of an enzyme involved in GSH synthesis, GSH1 (γ-glutamylcysteine synthase, Xiang et al., 2001 ).
Plants were grown for one week in 1/2 MS agar plates, with or without 10 µM CdCl 2 under 16 h light per day, and AtGSH1 transcript levels were assayed by semiquantitative RT-PCR. Even prior to Cd(II) treatment, AtGSH1 transcripts were elevated in the atatm3 mutant compared to the wild-type control (compare the first and the third lanes of the second gel in Fig. 8A ), which is consistent with its higher NPSH content.
After exposure to Cd(II), AtGSH1 transcript levels were elevated in both wild-type and mutant plants, with the mutant having a higher mRNA level than the wild-type (compare the second and the fourth lanes of the second gel in Fig. 8A ). Notably, cadmium stress and AtATM3 knock-out increased the expression of AtGSH1 in an additive manner. To test whether the converse is also true, i.e., absence of AtGSH1 expression or reduced level of GSH induces AtATM3 expression, we used two different approaches. Firstly, we reduced the level of GSH in plants by adding a chemical compound (BSO, Lbuthionine-(S,R)-sulfoximine) that is known to inhibit the activity of GSH1 (Griffith.,1982) . Secondly, we analyzed GSH1-antisense plants that have a low GSH level due to a reduced expression of the AtGSH1 gene (Xiang et al., 2001) . Expression of AtATM3 was significantly higher in GSH1-antisense plants with reduced expression of GSH1 (-GSH) than in GSH1-sense plants with increased expression of GSH1 (+GSH) (Fig. 8B) . Treatment with Cd(II) further increased the expression of AtATM3, both in low GSH mutants and in wild-type plants exposed to BSO (Fig. 8B,C) . Since Cd(II) treatment provides a strong sink for free cellular GSH (Meyer et al., 2002) , by binding to GSH and phytochelatin in the cytoplasm, we conclude from Figure 8B , C that under conditions of decreased GSH, expression of AtATM3 increases. Together with the observation that AtGSH1 is induced in the atatm3 mutant, these data suggest that AtATM3 and AtGSH1 have a close functional link in controlling GSH levels.
DISCUSSION
AtATM3 is a mitochondrial transporter that is essential for iron homeostasis in A.
thaliana (Kushnir et al., 2001) . In this study, we provide several lines of evidence to implicate AtATM3 in heavy metal resistance in Arabidopsis. Firstly, using cDNA microarray and RT-PCR technology, we show that AtATM3 is induced by Cd(II) or Pb(II) (Fig. 1) . Secondly, we demonstrate that AtATM3-overexpressing plants grow better than wild-type controls on either Cd(II)-or Pb(II)-containing medium (Fig. 2) Thirdly, we provide evidence that atatm3 plants are more sensitive to Cd(II) than wildtype plants (Fig. 5) , and that expressing the AtATM3 gene under 35S promoter complements the atatm3 phenotype and renders the mutant even more resistant to Cd(II) than the wild type (Fig. 6) .
The atatm3 mutant plants are stunted in growth under normal conditions.
Because it is deficient in the mechanism whereby the Fe/S cluster is transported from mitochondria to the cytosol (Kushnir et al., 2001) , this mutant cannot assemble sufficient levels of Fe/S cluster-containing enzymes for the many metabolic steps that require these complexes in the cytosol. Moreover, atatm3 has an elevated level of mitochondrial free Fe, which results in increased oxidative stress (Kushnir et al., 2001 ).
Based on these results and the fact that Cd(II) causes high level of oxidative stress, we predicted that this mutant plant may be more sensitive to Cd(II) than wild-type plant.
Our results support this hypothesis (Fig. 5) . We also predicted that the glutathione level would be reduced in this mutant plant which experiences oxidative stress, but in contrast to our expectation, atatm3 mutant plant exhibited an increased level of NPSH (Fig. 7A) . The observed increase in GSH1 expression in this mutant (Fig. 8A ) was consistent with their high NPSH level. However, this did not explain why this mutant with elevated NPSH levels is more sensitive to Cd(II) than wild-type plants. We propose that the atatm3 mutant's hypersensitivity to cadmium may occur because most of its GSH is trapped inside mitochondria, resulting in depletion of cytosolic GSH. If cytosolic GSH concentration is reduced, Cd(II) cannot be complexed efficiently by this compound and can therefore induce serious damage. It is also possible that cadmium transported to the mitochondria cannot be exported in this mutant, since glutathione- be mentioned that in Schizosaccharomyces pombe, HMT1, the closest known homologue of AtATM3 in this organism, is a phytochelatin-Cd transporter (Ortiz et al., 1995) . In the same study, low molecular weight and high molecular weight Cd-S complexes were described. Whether all these complexes are formed within the vacuole or whether some are formed in the mitochondria remains to be resolved. Therefore, oxidative stress in mitochondria may result from both free iron and cadmium trapped within this organelle. Whether AtATM3 indeed transports GS-conjugated Cd(II) across the mitochondrial membrane, or only has an indirect effect on this process, is an important question to be addressed in the future.
It is noteworthy that AtATM3-overexpressing plants were not different from the wild type plants with respect to their resistance to H 2 O 2 (data not shown). Only AtATM3-overexpressing plants (Fig. 2) and not knockout plants (Fig. 5) showed a level of resistance to Pb(II) that was different from that of the wild type plants. Neither could we detect any difference in growth of AtATM3-overexpressing plants from that of wild type in media containing 2-3 different concentrations of Cu(II), Fe(III), Zn(II), which reduced the growth of the plants to less than 60% compared to normal 1/2 MS medium (data not shown). These results indicate that AtATM3 may be more specifically involved in Cd(II) resistance than in the Pb(II) or other heavy metal resistance, or the general oxidative stress response, and that it may have higher affinity for Cd(II) or Cd(II)-conjugated compounds than for Pb(II) or Pb(II)-conjugated compounds.
AtATM3-overexpressing plants did not differ from wild-type controls in terms of growth or NPSH levels under normal conditions, but they did possess enhanced Cd(II) tolerance. Their NPSH level did not increase under cadmium stress, resulting in a lower NPSH level under Cd(II) stress compared to wild-type plants (Fig. 7B) This possibility was tested using BSO, an inhibitor of GSH synthesis. BSO abolished the Cd(II) resistance of AtATM3-overexpressing plants (Fig. 4) , indicating the essential role of GSH in AtATM3-mediated resistance to Cd(II).
A role for AtATM3 in transporting Fe/S clusters has previously been suggested in atatm3 mutants (Kushnir et al., 2001) . We propose that AtATM3 is also important for regulating cellular GSH levels based on two lines of evidence. Firstly, NPSH levels are increased in atatm3 knockout plants relative to the wild-type, under normal growth conditions, and reduced in AtATM3 overexpressing plants treated with Cd(II).
Consistent with these results, yeast cells lacking functional Atm1p, a close homolog of
AtATM3, accumulate high amounts of cellular glutathione (Kispal et al., 1997) .
Secondly, expression of AtATM3 and AtGSH1 are correlated. Expression of AtGSH1, a gene encoding a key enzyme important for glutathione synthesis, was increased in the atatm3 mutant (Fig. 8A) conditions (Fig. 8B,C) . These results suggest that similar to AtGSH1, ATATM3 may be involved in controlling intracellular GSH levels, such that AtATM3 gene expression is activated when the cytosolic GSH level is low. The precise biochemical mechanisms that AtATM3 employs to regulate cytosolic GSH remain to be elucidated. If AtATM3 indeed transports glutathione-conjugated molecules, such as Fe/S clusters, across the mitochondrial membrane, it may constitute an exit pathway for moving glutathione to the cytosol. Once there, glutathione can be dissociated from the conjugated molecule, reduced, and reused as an antioxidant. In other words, AtATM3 may significantly influence cytosolic GSH levels by providing a pathway for glutathione recycling.
Interestingly, AtATM1 and AtATM2 transcript levels also increased after cadmium exposure, but to a lesser extent than AtATM3 (data not shown). In addition, the expression of AtATM1 and AtATM2 in the atatm3 mutant was not affected by the absence or presence of Cd(II) (data not shown). Finally, atatm3 mutant plants expressing AtATM2 did not recover the same level of Cd(II) resistance as the wild type plants. These results indicate that neither of these genes compensates for the lack of AtATM3 in the mutant.
Increased Cd content in the shoot of the overexpressing plants (Fig. 3) containing the same concentration of Cd(II) (data not shown) or after 24 h incubation in medium containing a very low concentration (0.1 µM) Cd(II) (Fig. 3B) . Secondly, longdistance transport of Cd from the root to shoot increased. Although we are not certain about the mechanism of increased translocation in the AtATM3 overexpressing plants, higher cytosolic concentrations of thiolated Cd(II) would result in increased cadmium release to the apoplast, thereby enhancing translocation from the root to the shoot. This increased translocation of Cd(II) to the shoot is a favorable characteristic for plants used in phytoremediation, since it is normal practice to harvest shoots, and not roots, for this purpose. The AtATM3 gene confers another useful characteristic for phytoremediation to overexpressing plants: an increase in total Cd and Pb content. The increase reflects both the higher fresh weights of the plants (Cd and Pb) and an increased concentration of Cd.
In summary, our results show that AtATM3 is important for Cd(II) and Pb(II) resistance in Arabidopsis, possibly by functioning as a transporter of GS-conjugated Cd(II) and/or Fe/S clusters across the mitochondrial membrane. Moreover, we show that overexpression of this gene is likely to be useful for phytoremediation, since it increases shoot Cd content and enhances Cd and Pb tolerance of the whole plant. 
MATERIALS AND METHODS
Plant material and Heavy metal resistance test
cDNA microarray and semi-quantitative RT-PCR
DNA fragments of the AtATM3 (At5g58270), Actin2 (At5g09810) and Ubq (At2g17200) genes, obtained from PCR amplification with AV549794, 202F3T7 and 113G15T7 EST templates, respectively, were spotted onto chips, among other coding sequences. The low-density cDNA-microarray glass slides, mRNA isolation and hybridization procedures used in this experiment are detailed in Bovet et al. (2003 Bovet et al. ( , 2005 .
To analyze the expression of AtATM3, total RNA was extracted using Trizol reagent and cDNA was synthesized using an RT-PCR kit (Invitrogen) employing the SuperScript First-Strand Synthesis System (Invitrogen). To amplify AtATM3 cDNA, PCR was performed using the following specific primers: ATM3-2 (5'-GCTGGCTTGGC GTGCTGCAATTCATG-3') and ATM3-3 (5'-GGTTCACTATTCCAATTTGATAGC-3').
β -Tubulin (At5g23860) was amplified using primers Tub-F (5'-GCTGACGTTTTCTGTATTCC-3'), Tub-R (5'-AGGCTCTGTATTGCTGTGAT-3') and used as expressional control.
For semi-quantitative RT-PCR (two-step), the house-keeping gene, Actin2, and S16 were amplified using the following primers: actin2-S (5'-TGGAATCCACGAGAC AACCTA-3') and actin2-AS (5'-TTCTGTGAACGATTCCTGGAC-3'); S16-S (5'-GGCGACTCAACCAGCTACTGA-3') and S16-AS (5'-GTCCATAGCTG CGCATATCTC-3'). The primers for AtATM3 and GSH1 were ATM3-S (5'-TGCTCGGACATTTTT GAAATC-3') and ATM3-AS (5'-GTCCATAGCTGCGCATATCTC-3'), GSH1-S (5'- ATCTACGCTTTGTCCCCATTC-3') and GSH1-AS (5'-ATATTCCCAGA GGTTCGGTG-3'), respectively. cDNAs were prepared using M-MLV reverse transcriptase (Promega, Madison, WI, USA) as indicated by the manufacturer and then diluted 10 times for the PCR reaction.
Cloning and Generation of AtATM3 overexpressing Arabidopsis
AtATM3 full-length cDNA was amplified by PCR using primers ATM3F (5'-ATGTCGAGAGGATCTCGATTCGTTAGG-3') and ATM3R (5'-CTATTCCAATTTGATAG CTGCATCAAG-3'). PCR products were ligated into the pGEM-T easy vector (Promega) using T4 DNA ligase and the fidelity of the AtATM3 sequence was confirmed by automated DNA sequencing (ABI 3100, Perkin-Elmer). AtATM3-T constructs were digested with SpeI and PmlI restriction enzymes and then inserted into the pCambia1302 plant binary vector, which contains the CaMV 35S promoter. The constructs were introduced into the Agrobacterium GV3101 strain, which was then used to transform A. thaliana (col-0) using the floral dipping method (Clough and Bent., 1998) . Transformed seeds were selected on 30 µg/ml hygromycin-containing 1/2 MS agar plates. For heavy metal resistance test, seeds were surface sterilized, placed in the dark at 4°C for 2 d, and then sown on 1/2 MS (with 1.5% sucrose) agar plates with or without heavy metal and then plants were grown vertically in a controlled environment with 16 h light/8 h dark cycles at 22°C /18°C, respectively, for 2 weeks. To detect the expression of the AtATM3 in the transgenic plants, RT-PCR was performed using the ATM3-2 and ATM3-3 primers. 
Measurement of heavy metal contents in transgenic plants
Assay of Cd(II) sensitivity in atatm3
After sterilization, seeds (~20) were placed on 0.8% agar plates containing as nutrient roots were measured after 24 h under the same growth conditions. For shoot growth observation, sterilized seeds were deposited on similar agar plates (see above), and kept horizontally for 13 days (22°C, 8 h light and 70% humidity).
Determination of NPSH
To determine the NPSH level, wild type and atatm3 mutant seedlings were grown for 1 week on 1/2 MS agar plates, and whole seedlings were harvested. GSH (for the standard curve) or soluble protein extracts obtained after grinding seedlings at 4°C and two successive centrifugation steps at 14,000 g for 15 min, were diluted in 0.1 M phosphate buffer pH 7.4 supplemented with 10% sulfosalicylic acid. After 30 min incubation at 4°C, soluble proteins (2.48 ml) were centrifuged and mixed with 20 µl of 
